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Corneal topography of a harbor seal measured with a Placidos disc shows a central ﬂattened stripe in the vertical meridian. Together
with a pupil that can form a vertical slit, the ﬂat vertical meridian can minimize the optical eﬀects caused by the transition from water to
air. Using infrared (IR) photoretinoscopy, we analyzed the refractive state of harbor seals and revealed a high degree of myopia and
astigmatism in air, but emmetropia or slight hyperopia with little astigmatism underwater. The brightness distribution in the pupils sug-
gest the presence of a multifocal dioptric apparatus in air and underwater. We found a ﬁrst indication for accommodation by dynamic
recordings underwater.
 2005 Elsevier Ltd. All rights reserved.
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Harbor seals (Phoca vitulina) are amphibious mammals
that spend most of their time underwater. Their visual sys-
tem is suggested to be adapted for underwater vision, and
therefore, their eyes are assumed to be nearly emmetropic
underwater, which could be achieved by means of an al-
most spherical lens (Walls, 1963). However, emmetropia
underwater would result in myopia in air, because corneal
refractive power increases due to the larger diﬀerence in
refractive index. Early refractive measurements in harbor
seals (Johnson, 1893, 1901) conﬁrmed the presence of myo-
pia in air and are therefore in agreement with the expecta-
tion. However, Jamieson (1970) failed in conﬁrming
Johnsons observations in harbor seals (Johnson, 1893,
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(W. Hanke).In addition, Johnsons experiments (Johnson, 1893,
1901) revealed a high degree of astigmatism in air. The ob-
served astigmatism was speculated to be a side-eﬀect of
ocular streamlining underwater (Jamieson, 1971; Jamieson
& Fisher, 1972) or was incorporated in a model for
amphibious vision (Walls, 1963), called ‘‘inactive accom-
modation’’ by Sivak (1980). This model proposed enough
accommodative abilities to restore emmetropia underwa-
ter. It also postulated that a static interaction of one ﬂat-
tened corneal meridian with a slit-shaped pupil orientated
along this ﬂattened meridian could reduce the refractive er-
rors in air (Jamieson & Fisher, 1972; Walls, 1963), because
the slit-shaped pupil generates a pinhole eﬀect, most pro-
nounced in the strongly curved horizontal meridian. It
was assumed that such a mechanism could make extensive
accommodation unnecessary. Several studies on amphibi-
ous vertebrates have reported other mechanisms to com-
pensate for high ametropia in one of the two media such
as large amplitudes of accommodation (sea otter: Murphy
et al., 1990; great cormorant: Katzir & Howland, 2003) or
838 F.D. Hanke et al. / Vision Research 46 (2006) 837–847particularly ﬂattened corneas (California sea lion: Dawson,
Schroeder, & Sharpe, 1987).
Neither accommodation, which appears possible given
the presence of an ordinary ciliary muscle (Walls, 1963),
nor speciﬁc adaptations of the corneal topography have
been demonstrated in harbor seals to date. However,
behavioral measurements of visual acuity underwater re-
vealed a resolution of 8.1 0–8.6 0, which can scarcely be
achieved with serious refractive errors (Schusterman &
Balliet, 1970). The available behavioral data on visual acu-
ity in air are diﬃcult to interpret, because they have been
obtained in a discrimination task paradigm, in which the
seal was asked to recognize a gap between only two stripes
(Jamieson & Fisher, 1970). Even the authors suggested that
these measurements were confounded by the absolute sen-
sitivity for light.
We report photokeratometric measurements of corneal
topography that reveal an uncommon shape of the cor-
nea with severe corneal astigmatism. This corneal astig-
matism may interact with a slit-shaped pupil to reduce
the refractive error in air (Jamieson & Fisher, 1972;
Walls, 1963). The results of refractive state measurements
in three trained and experimentally experienced harbor
seals, using infrared (IR) photoretinoscopy, which has
not been previously applied to seal eyes, are in line with
theoretical considerations and with the early data by
Johnson (1893, 1901). In addition, dynamic measure-
ments underwater indicate accommodative abilities in
harbor seals.
2. Material and methods
2.1. Corneal topography
2.1.1. Hardware
Corneal topography was measured with a Placidos disc
(Mejia-Barbosa & Malacara-Hernandez, 2001). The cus-
tom-made Placidos disc consisted of eight black and eightFig. 1. (A) Experimental setup for determination of corneal topography. The
measure the right eye, right target shown) at a distance of 140 mm to the Plac
positioned at the side of the animal. The Placidos disc was attached to the came
Experimental setup of refractive measurements. The animal rested in a ﬁxed pos
a distance of 2 m. If the star was ﬂashing, the animal moved to the respon
photoretinoscope (R; position at the camera marked by an arrow) was installed
a shield, which covered almost half of the lens aperture. On this shield, 13 IR-li
to the cameras optical axis. This arrangement caused brightness distributions in
source; KE, knife edge of the metal shield; PD, Placidos disc; R, retinoscopewhite concentric rings (width of black rings 45 mm, white
rings 55 mm). The lens (Cosmicar/Pentax, F = 12 mm,
f/1:1.4) of a CCD camera was positioned in the central
opening (diameter 20 mm) of the Placidos disc (Fig. 1A).
The camera continuously ﬁlmed the reﬂections of the Pla-
cidos discs rings on the cornea. A digital camera (Canon
MV-XL1s) served as a recorder.
2.1.2. Method of calculation
Corneal radii of curvature were calculated from the
magniﬁcation of the Placidos disc patterns in the digitized
video frames. First, the vertical or horizontal diameters (d)
of the reﬂection of the inner circle of the Placidos disc were
measured using Scion Image Beta 4.0.2 for Windows (Sci-
on Corporation, Frederick, MD, USA). With a self-written
program in MatLab 6.5 (The Mathworks, Natick, MA,
USA), radii of curvature were then calculated from the
radius of the Purkinje images of the inner circle (R 0 = d/
2), the known radius of the inner circle on the Placidos disc
(R = 12.75 mm) and the distance from the eye to the Placi-
dos disc (b = 140 mm), using the equations explained in
Appendix A.
2.1.3. Calibration and analysis of possible errors
To obtain absolute curvatures, the magniﬁcation was
determined from a small textile strip of known size, which
was attached next to the animals eye.
The distance from the eye to the Placidos disc (b), as
well as the measurement of the vertical and horizontal
diameters of the reﬂection (d), were critical for the calcula-
tion of the radii of curvature. Considering a typical radius
of curvature of 24 mm, ﬂuctuations in b of 5–10 mm (3.5–
7.1%) produced an inaccuracy of 0.8–1.7 mm (3.3–7.1%),
ﬂuctuations in measuring d of 0.1–0.2 mm produced an er-
ror of 2.6–5.3 mm (11–22%). To minimize the latter error, d
was measured three times for the calculation of each radius
of curvature. Errors in measuring the diameter of the inner
circle of the Placidos disc and determination of the scale byanimal stationed at a target (T; here: snout at the left target in order to
idos disc (PD). The disc was illuminated frontally by a light source (LS)
ra (C) in a way that the camera lens ﬁlled the inner opening of the disc. (B)
ition at the stationary target (ST), while a glimmering star was presented at
se target (RT). The IR-light sensitive camera (C) with the infrared (IR)
at a distance of 0.5 m. The IR-photoretinoscope (R; see inset) consisted of
ght-emitting diodes were arranged in four rows with diﬀerent eccentricities
the pupil depending on the refractive state of the eye. C, camera; LS, light
; RT, response target; S, star; ST, stationary target; T, target.
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not markably inﬂuence the result.
2.1.4. Procedures of measurement and mapping
Measurements were made in an experimental chamber
with a light source at the side of the animal that illuminated
the Placidos disc (Fig. 1A). The animal placed its head in
one of two positions in the experimental set-up (Fig. 1A),
resulting in a ﬁxed distance between camera and eye. These
positions were slightly to the left or to the right of the cam-
era, allowing to center the Placidos disc pattern on the cor-
neal surface of the eye orientated towards the camera
(Fig. 1A). The animal was trained to follow a small card-
board (25 mm · 25 mm) with its eyes. This procedure al-
lowed for the investigation of reﬂection patterns from
diﬀerent parts of the cornea.
To map the radii of curvature from each video frame, a
coordinate system was placed over the pupil with the pu-
pils center at (0/0). The coordinates of the center of the
reﬂection of the inner circle were determined for each pic-
ture, so that all calculated radii of curvature could be com-
bined and exactly mapped in one graph for each analyzed
eye.
2.2. Infrared photoretinoscopy
2.2.1. Hardware and software
The refractive states of the eyes of harbor seals was
determined in both air and water using infrared (IR) pho-
toretinoscopy (Schaeﬀel, Farkas, & Howland, 1987;
Schaeﬀel, Hagel, & Eikermann, 1994). The custom-made
IR-photoretinoscope consisted of a metal shield
(Fig. 1B) that covered approximately half of the lens
aperture (lens: Cosmicar/Pentax, F = 50 mm, f/1:1.4; with
two extension rings, resulting in a measurement distance
of 0.5 m) of an IR-light sensitive monochrome video
camera (DMK 2002, The Imaging Source, Bremen,
Germany). On this shield, 13 IR-light-emitting diodes
were arranged in 4 horizontal rows with diﬀerent distanc-
es from the ‘‘knife edge’’ (the edge of the metal shield in
the lens aperture) and thus with diﬀerent eccentricities
(distances from the cameras optical axis). The refractive
state is always measured in the meridian that is perpendic-
ular to the knife edge. We analyzed the refractive state in
the vertical (shield of the retinoscope covered the lower
part of the camera aperture, knife edge horizontal) and
horizontal meridian (shield covered the left part of the
camera aperture from the animals point of view, knife
edge vertical) of the seals eye.
The IR-light of the IR-photoretinoscope enters the eye,
is partly reﬂected by the ocular fundus and produces a
brightness distribution in the pupil with an intensity slope
(cf. Fig. 4) that is dependent on the magnitude of the eyes
refractive error. The slope of the brightness distribution in
the pupil changes linearly with the eyes refractive state
(Schaeﬀel et al., 1994) and can be calibrated by placing trial
lenses of known refractive power in front of the eye.Pupillary brightness distribution was analyzed only in
those video frames in which (1) the animals did not move,
(2) the pupils were not too dark, and (3) the pixel values in
the pupils were not saturated. The pupils margin was auto-
matically detected after manual input of the approximate
pupil position and size, using self-written programs in Mat-
Lab 6.5 (The Mathworks, Natick, MA, USA). Thresholds
for detection of the pupil margin were adapted to the
brightness contrast in the video frames and were kept con-
stant for a video sequence from the same experiment. The
Matlab software determined the slope of each intensity
proﬁle and normalized it with regard to brightness and pu-
pil size. For this normalization, the slope was multiplied
with the pupil size in pixels along the measured meridian
to eliminate the apparent change in pupil size caused by
the trial lens, and the slope was divided by the average pixel
value of the pupil to eliminate changes in mean brightness
that occurred when the camera aperture was adjusted. The
slopes of the intensity proﬁles from ten video frames were
averaged and correlated to the refractive power of the trial
lens in front of the eye.
The vertical pupil diameter was measured with Scion
Image 4.0.2 (Scion Corporation, Frederick, MD, USA).
Measurements were made from pictures from the same ses-
sion in which trial lenses of known diameter in front of the
eye served as a scale.
The ‘‘small eye artifact’’ (Glickstein & Millodot, 1970;
Hughes, 1977) is expected to be small, because the harbor
seals eyes are large and the distance between the retina
and the main reﬂecting layer, the tapetum lucidum, behind
it is small (Jamieson & Fisher, 1971). Assuming an eye axi-
al length of 32 mm (Fig. 2A in Jamieson & Fisher, 1972)
and a mean distance between the receptors and the tapetum
of 60 lm (estimated from Fig. 6 in Jamieson & Fisher,
1971), the ‘‘small eye artifact’’ would be at 0.07 diopter
(D), which is negligible. Therefore, no adjustments were
made for the ‘‘small eye artifact’’. The refraction was cor-
rected for the camera distance (making the eye 2 D more
myopic in the case of a distance of 0.5 m between eye
and camera) to obtain the refractive state of the eye relative
to inﬁnity. Potential eﬀects of the distance from the trial
lens to the principal plane of the eye were ignored, since
they were small for the given lens powers, and since the
lenses were held very close to the animals corneas.
2.2.2. Calibration
The IR-photoretinoscope was calibrated by holding trial
lenses of known power (±2dpt, ±4dpt, ±6dpt, 8dpt,
10dpt, 12dpt, 14dpt, 16dpt; BonOptic, Lu¨beck,
Germany) in front of the eye close to the corneal surface.
The trial lenses were equipped with infrared ﬁlters (Kodak
cut-oﬀ ﬁlter No. 87) to avoid a change of accommodation
possibly induced by the trial lens. The ﬁlter precluded
vision of the animals, but allowed the recording of
the brightness distribution of the IR-light in the pupil.
The IR-photoretinoscope was calibrated in air only, be-
cause of diﬃculties in placing trial lenses in front of the
Fig. 2. Determination of corneal topographies. (A, B) Characteristic reﬂections of the Placidos disc in the center (A) and in the periphery (B) of the
cornea of the left eye. Note the high degree of astigmatism against the rule at the pupils position (the pupil can be seen as a dark drop), and no astigmatism
in peripheral parts. Scale bar 1 cm. (C) Map of corneal radii of curvature for the vertical and horizontal meridians for the left and right eye of the 1.5-year-
old animal. Shown are all data points for the left eye (N = 337; 7 sessions) and for the right eye (N = 257; 4 sessions) with the pupils position at the origin
of the coordinate system. (Top) Vertical meridian. (Bottom) Horizontal meridian. (Left) Left eye. (Right) Right eye. Color bar shows the radius of
curvature in mm. The data were smoothed by applying a 1 mm · 1 mm grid. Mean values for each square millimeter are shown. Visual inspection of the
seals eye showed a smooth surface; the remaining noise in the ﬁgure is a measurement artifact.
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eye could be estimated from the intersection of the linear
part of the calibration curve with the x-axis. Other refrac-
tive states of the eye were not read out of the calibration
curves in this study.
2.2.3. Procedures of refractive measurement in air and water
All measurements were made in an almost completely
dark experimental chamber (380 cm · 180 cm · 140 cm;
luminance of the walls <0.01 cd/m2 measured with Konica
Minolta luminance meter LS-110), resulting in fully open
pupils without applying mydriatic drugs. The IR-photore-
tinoscope was placed at a distance of 0.5 m from the ani-
mals (Fig. 1B) on the same vertical level as the animals
eyes and 16 lateral from the rostro-caudal axis either to
the left or to the right, depending on which eye was mea-
sured. The animals were refracted while holding a deﬁned
position in the experimental set-up (Fig. 1B) and were con-
stantly video-taped during the experiments with a digital
video-camera (Canon MV-XL1s) as a recorder. A target
(a glimmering star with 4 cm diameter at a distance of
2 m (‘‘Enzo’’, ‘‘Sam’’) or a little ﬁsh with <6 cm diameter
at a distance of 1 m (‘‘Nick’’)) was presented straight ahead
in front of the animals (Fig. 1B). ‘‘Enzo’’ and ‘‘Sam’’ were
trained to press the tip of their muzzle on a stationary tar-
get (Fig. 1B) as long as the star was constantly glimmering,
and to move to the response target (Fig. 1B) if the star wasﬂashing. The target was presented to capture the animals
attention and to control the ﬁxation axis of the eyes.
Although the glimmering star was not a strong accommo-
dation stimulus, it was positioned far enough to not induce
an accommodation of more than 0.5 D (given that accom-
modation was possible). If the seal tried to accommodate
on the target, the eye should have been adjusted for inﬁn-
ity, because the targets were beyond its far point. No cyclo-
plegic drugs were applied.
The seals refractive state underwater was also investi-
gated in the experimental chamber by placing the camera
at a distance of 0.5 m from the glass wall of an aquarium
(30 cm · 30 cm · 60 cm). The animal was trained to im-
merse its head in the aquarium from an elevated platform.
With a piece of ﬁsh, the animals attention was directed to-
wards the camera, with the intend to elicit accommodation
by moving the ﬁsh towards or away from the animal.
2.3. Experimental animals
Three harbor seals were studied at the Marine Mammal
Research Laboratory at Zoo Cologne, Germany, during a
period of eight months. During this time, refractive state
was examined with repeated measurements in two male
harbor seals (‘‘Enzo’’ 1.5-year-old, ‘‘Sam’’ 9-year-old)
and with a single measurement in a 5-year-old male
(‘‘Nick’’). All animals had previous experimental
F.D. Hanke et al. / Vision Research 46 (2006) 837–847 841experience with visual tasks. The determination of corneal
topography, underwater refraction measurements, as well
as continuous and dynamic recording of refractive state
were carried out with the juvenile animal only. The exper-
iments needed no approval, in accordance with the guide-
lines for treatment of experimental animals, established
by the German animal protection law.
3. Results
3.1. Corneal topography
A ﬂattening towards the pupil was observed in both
meridians, but was more pronounced in the vertical merid-
ian (Fig. 2A). The radii of curvature of the vertical merid-
ian varied among 15–20 mm in the periphery, 60–80 mm in
the center, and in a 4–6 mm broad horizontal stripe
(Fig. 2C). The radii of curvature of the horizontal meridian
varied between 15–20 mm in peripheral parts and 25–
30 mm in central parts (Fig. 2C). Therefore, the cornea dis-
plays a high degree of astigmatism against the rule (about
7 D) in the center (Fig. 2A) and next to the pupil, but not in
the periphery (Fig. 2B).
3.2. Infrared photoretinoscopy in water
Underwater, the IR-photoretinoscope recorded only
small refractive errors, ranging from emmetropia to slight
hyperopia (Figs. 3A and B). When the refractions were
close to emmetropia, concentric rings became visible in
the pupil (Fig. 3A). It is known that in eccentric photore-
fraction aberrations become best visible at the lowest ame-
tropia relative to the photoretinoscope (Roorda, Campbell,
& Bobier, 1997). These ring-shaped brightness variations
may indicate minor diﬀerences in refractive power and
resemble the patterns described for multifocal lenses in ﬁsh
(Kro¨ger, Campbell, Fernald, & Wagner, 1999). Dynamic
recording of the refractive state revealed an increase in
the slope of the intensity proﬁle, indicating accommodationFig. 3. Brightness distributions in the pupil (of the 1.5-year-old animal) recorde
pupil with concentric rings. (B) Hyperopic brightness distribution. Side lengthtowards hyperopia, when a piece of ﬁsh was moved be-
tween 0.4 and 1.4 m in front of the animals eye. No chang-
es occurred with the ﬁxation target closer than 0.4 m.
3.3. Infrared photoretinoscopy in air
3.3.1. Brightness distribution in the pupil
In air, harbor seals display heterogeneous brightness
distributions in the pupil during IR-photoretinoscopy
(Fig. 4). In the vertical meridian (Fig. 4A) with the retino-
scopes knife edge aligned in the horizontal plane and the
LEDs in the lower half of the camera aperture, the reﬂec-
tion in the pupil appears to be divided into three parts
(Fig.4A): the upper dark part of the pupil changes into
a homogeneously illuminated central part (‘‘plateau’’)
and, ﬁnally, into a bright lower part. This division can
be clearly seen in the intensity proﬁles along the vertical
meridian (Fig. 4A). When the retinoscope is rotated to
measure the horizontal meridian, the pupils show a dark
upper and lower part, which border a central stripe with
a smooth light distribution from dark to bright (from left
to right; Fig. 4B).
3.3.2. Calibration curves
In both meridians, the slope of the intensity proﬁle
changed in correlation with the refractive power of the trial
lens held in front of the eye (Fig. 5). The correlation coef-
ﬁcients for the linear part of the mean calibration curves
for the three animals ranged from 0.84 to 0.99.
In each experimental session, a calibration curve with
the trial lenses was obtained. The refractive value for this
session is the intersection of the calibration curve with
the x-axis (corrected for the distance between camera and
eye, see Section 2).
The calibration curve for the vertical meridian shows the
typical sigmoidal shape (Schaeﬀel et al., 1994), indicating
that saturation took place at both ends of the measurement
range (Fig. 5A). The linear part extended from 2 to
10 D for ‘‘Enzo’’ and ‘‘Nick’’ and from 2 to 12 Dd with IR-photoretinoscopy underwater. (A) Emmetropic reﬂection in the
of each picture: 12 mm.
Fig. 5. (A, B) Calibration curves (left) with linear parts in detail (right). The intensity proﬁle of the brightness distribution in the pupil was calibrated by
holding trial lenses in front of the eye, and the slopes of the intensity proﬁles are plotted against refraction. The calibration curves of all sessions (labeled 1–
10) for one eye are shown with the mean curve in red. The slopes of the linear parts are determined by linear regression. The refraction obtained by
intersection of the linear regression with the x-axis has to be corrected for the refractive distance (2 D). (A) Vertical meridian of the left eye of the 1.5-year-
old animal. Note the characteristic form of a saturation function with the linear part between 2 and 10 D. (B) Horizontal meridian of the right eye of
the 1.5-year-old animal. The relevant linear part of the calibration curve lies at the left part of the curve between 10 and 16 D. (C) Example calibration
curves for the vertical meridian of the left eye of the 9-year-old animal from two measurements on diﬀerent days. Note the systematic shift of values along
the x-axis.
Fig. 4. Brightness distributions in the pupil (of the 1.5-year-old animal) recorded with IR-photoretinoscopy in air, and intensity proﬁles. (A) Vertical
meridian. The pupil is divided into three parts: a dark upper part, a homogeneously illuminated central ‘‘plateau’’ and a bright lower part. The bright
lower and the dark upper parts indicate myopia. (B) Horizontal meridian. A dark upper and lower part border a central stripe with a light distribution
from dark to bright (from left to right). Side length of the insets: 12 mm.
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horizontal meridian (Fig. 5B) is detected at the left side of
the curve, because a myopic crescent was already visible
without lens in front of the eye (Fig. 4B), and because with
additional positive trial lenses, the slope of the brightness
proﬁle in the pupil started to decline, which indicated thatthe eccentric photoretinoscope was out of range. The linear
part extended from 10 to 16 D (Fig. 5B).
3.3.3. Measured refractions
The results for both meridians for all analyzed eyes are
shown in Table 1. Mean values are the mean of N sessions
Fig. 7. Continuous recording of the refractive state with 25 frames per
second. Shown are two continuous recordings deviating by 4 D.
Table 1
Results of refractive measurements
Vertical meridian Horizontal meridian
Enzo Sam Nick Enzo Sam
Left eye
Mean 7.3 7.8 7.6 20.9 19.5
(SD = 1.9; N = 9) (SD = 3.1; N = 9) (N = 1) (SD = 4.6; N = 10) (SD = 8.4; N = 9)
Lowest 5.5 3.1 7.6 15.5 14.2
Right eye
Mean 7.2 6.6 7.7 18.8 20.6
(SD = 1.9; N = 10) (SD = 1.5; N = 9) (N = 1) (SD = 4.6; N = 10) (SD = 7.1; N = 9)
Lowest 2.9 4.4 7.7 14.1 12.8
Mean values in D with standard deviation (SD) and lowest ametropias for the left and right eyes of the three animals.
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range stated in Table 1 shows the maximum and minimum
refractive values for the respective eye. Repeated measure-
ments of two animals (‘‘Enzo’’, ‘‘Sam’’) produced variable
refractions, ranging from 2.9 to 10.8 D with mean val-
ues between 6.6 D (SD = 1.5) and 7.8 D (SD = 3.1).
Refractions of the two eyes that were measured in addition
(‘‘Nick’’: left eye 7.6 D, right eye 7.7 D) are in good
agreement. In the horizontal meridian, all animals were
considerably myopic (12.8 to 38.1 D) with mean values
ranging from 18.8 D (SD = 4.6) to 20.9 D (SD = 4.6).
The lowest ametropias (Table 1) measured for both
meridians are 25–62% more moderate than the mean val-
ues. Table 1 also shows that the refractions diﬀer signiﬁ-
cantly in the horizontal and vertical meridians (t test,
p < 0.01). In all four eyes measured in both meridians
(‘‘Enzo’’, ‘‘Sam’’), there was an astigmatism against the
rule, ranging from 11.6 to 14 D.
Pupil size varied among the diﬀerent measurements,
even though the ambient illuminance was kept constant.
A comparison of the refractions at diﬀerent pupil sizes sug-
gested that myopia tended to increase with pupil diameter
in the vertical direction (‘‘Enzo’’: right eye r = 0.739, left
eye r = 0.604; ‘‘Sam’’: right eye r = 0.244, left eye
r = 0.533; r is the correlation coeﬃcient. Figs. 6A and B).
Refractive measurements show a high variability, which
is indicated by high standard deviations (Table 1). This
variability does not seem to be due to noise from the mea-
surement procedure. The comparatively low noise level is
illustrated in Fig. 7, which shows two continuous record-Fig. 6. Eﬀect of pupil size on refraction. (A) 1.5-year-old animal (‘‘Enzo’’). (B)
pupil size (‘‘Enzo’’ left eye: r = 0.604, right eye: r = 0.739; ‘‘Sam’’ left e
regression lines; right eye, open circles and dashed regression lines.ings with 25 Hz sampling rate over 3 or 4 s, respectively.
Refraction ﬂuctuates between 2.5 and 4.1 D (ﬂuctua-
tion of 1.6 D) in the ﬁrst and between 5.8 and 6.9 D
(ﬂuctuation of 1.1 D) in the second measurement. The mea-
surements deviate by approximately 3 D. Fig. 5C shows
that the slopes of the intensity proﬁles are shifted systemat-
ically: The calibration curves at the end of the measure-
ment series are smoothly shaped, and curves obtained on
diﬀerent days are similar in shape, but shifted relative to
each other along the x-axis (by up to about 4 D).4. Discussion
4.1. Corneal topography
We found a ﬂattened area in the cornea of the harbor
seal that comprised a horizontal stripe around the pupil.Nine-year-old animal (‘‘Sam’’). Refraction was negatively correlated with
ye: r = 0.533, right eye r = 0.244). Left eye, ﬁlled squares and solid
844 F.D. Hanke et al. / Vision Research 46 (2006) 837–847In this stripe, a high degree of astigmatism against the rule
is present.
The special character of the brightness distribution in
the pupil in air obtained with IR-photoretinoscopy mirrors
corneal topography. The results of the refractive measure-
ments and the calculated corneal radii of curvature both re-
veal a high degree of astigmatism against the rule. The
astigmatism proves to be mainly of corneal origin, as none
of the special features of the pupil reﬂexes in air can be seen
underwater. Previous comparable studies of seals failed to
ﬁnd this high degree of corneal astigmatism (Sivak,
Howland, West, & Weerheim, 1989; Wilson, 1970a,
1970b), which might be due to low resolution techniques
for measuring corneal radius of curvature.
Corneal astigmatism evolved because only one meridian
of harbor seals eyes was ﬂattened. This can probably be
explained as a compromise between optical constraints in
air and hydrodynamic constraints underwater. A complete-
ly ﬂattened corneal window, as observed in sea lions
(Dawson et al., 1987), would be optically advantageous,
because it reduces aerial myopia in both meridians. On
one hand, there might be no need for a visual acuity as
good as that of sea lions in harbor seals due to the diﬀerent
ecological niches they occupy. On the other hand, visual
acuity in harbor seals can, under certain light conditions,
be better than the refractive data suggest due to the align-
ment of the slit-shaped pupil with the more emmetropic
meridian, and due to the pinhole eﬀect (Walls, 1963). Reli-
able behavioral data on visual acuity of harbor seals in air
are needed to clarify this aspect. Underwater, the animals
might take advantage of a strongly curved horizontal
meridian considering ocular streamlining (Jamieson,
1971; Walls, 1963), as it possibly reduces local ﬂow veloci-
ties and the risk of injury by ﬂoating particles.
4.2. Infrared photoretinoscopy
4.2.1. Comparison with existing refractive data in seals
The ﬁndings obtained with IR-photoretinoscopy con-
ﬁrm the results of Johnsons studies (1893, 1901), using
classical retinoscopy, in so far as both studies demonstrate
high degrees of aerial myopia and astigmatism in harbor
seals in air. In Johnsons experiment, only one value for
the vertical meridian (4 D) and one for the horizontal
meridian (13 D) were obtained. It is not stated how many
eyes were examined, how large the pupil was, or whether or
not cycloplegic or mydriatic drugs were used. The mean
refractive values of the present study show a stronger myo-
pia in both meridians than in Johnsons results. The lowest
measured ametropia, which indicates the ametropia of the
far-point adapted eye (i.e., the ametropia of relaxed accom-
modation in animals with an accommodative apparatus
similar to human), is in good agreement with the results ob-
tained by Johnson (1893) in both meridians in all eyes of
the repeatedly measured animals. These results as well as
the emmetropia or slight hyperopia underwater are in good
agreement with refractive measurements of the harp seal(Piggins, 1970) and Weddell seal (Wilson, 1970a, 1970b).
Published refractions for the hooded seal (Sivak et al.,
1989) diﬀer in so far as, in air, these phocid seals were only
moderately myopic, and no astigmatism was found. All
refractive measurements of seals, except those of hooded
seals (Sivak et al., 1989), demonstrate considerable varia-
tion as is especially indicated by Jamiesons experiment
with harbor seals (Jamieson, 1970).
4.2.2. Methodological problem of the s-shaped intensity
proﬁles
We applied two methods for the analysis of pictures of
fully dilated harbor seals pupils with the characteristic s-
shaped intensity proﬁles in air: (1) analysis of the whole
intensity proﬁle by linear regression, and (2) analysis of
an artiﬁcially shortened intensity proﬁle of the vertical
meridian to take the special s-form (Fig. 4A) into consider-
ation. The results of the ﬁrst and common method have al-
ready been described in detail, showing the animals to be
highly myopic. However, when only the central 2 or
3 mm of the intensity proﬁle were analyzed, the calculated
myopia decreased to less than half in about 50% of the
cases for the juvenile animal. Analyzing only the ‘‘plateau’’
of the intensity proﬁle led to a drastic reduction of myopia,
which amounted in more than 50% of the cases to less than
25% of the value calculated from the whole intensity proﬁle
for the juvenile animal.
Both methods produce measurement errors, which
cannot be assessed precisely to date. On the one hand,
the information of the s-form is lost when the entire s-
shaped intensity proﬁle is analyzed by linear regression.
On the other hand, analyzing just distinct parts of the
intensity proﬁle (e.g., the ‘‘plateau’’) by artiﬁcially short-
ening the intensity proﬁle also produces an error, because
all points on the retina are diﬀuse reﬂectors (Roorda,
Campbell, & Bobier, 1995) and contribute to every point
of the brightness distribution in the pupil. After theoret-
ically clarifying the formation of multifocal brightness
distributions in pupils, it may become possible to analyze
pupil reﬂexes like those observed in harbor seals in a
way that the result is more relevant for the animals visu-
al processes.
To overcome this methodological problem, pupils with
smaller vertical diameters have been analyzed, which can
provide information about the inﬂuence of the ﬂat corneal
stripe on refraction. Surprisingly, an increase in brightness
at the lower pupil margin was also observed, when analyz-
ing pupils with a vertical diameters not exceeding the range
of the ﬂattened corneal stripe. As all the observed phenom-
ena in air seem to originate in the cornea, this increase in
brightness probably represents a bending eﬀect at the pupil
margin or resides in an internal optical structure, e.g., a
reﬂection in the lenticular capsule, which would then feign
myopia. The last point holds true although this eﬀect is not
seen underwater, as the angle of incidence can deviate
dependent on the media, and this angle might be essential
for a reﬂection to occur.
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accommodation
Possible reasons for the observed variability in this study
are numerous: in general, refractivemeasurements appear to
be diﬃcult in eyes with high aberration levels (Roorda et al.,
1997; Schaeﬀel, Burkhardt, Howland, & Williams, 2004). It
has been shown that eyes with positive spherical aberration
appear more hyperopic when examined with eccentric pho-
toretinoscopy than they actually are (Roorda et al., 1997).
Accordingly, the harbor seals eyes might be evenmoremyo-
pic than the results of this study indicate. Further, the vari-
able size of the pupil is critical, as themean pixel brightness is
inversely proportional to the pupil area and diﬀerent refrac-
tions are obtained in big pupils compared to small ones,
when aberrations are present. Although it was attempted
to minimize changes of brightness in the video frames of
the pupils of one calibration by adapting the aperture of
the camera lens, it could not be avoided completely. This
problem cannot be entirely overcome by normalization of
the digital images, because the video system does not linearly
translate brightness values into pixel values.
Variability in refractive measurements could also be due
to accommodation. In previous studies on refraction of
seal eyes, the occurrence of variation was taken as an indi-
cation for accommodation (Piggins, 1970), its absence as
an indication of no accommodative abilities (Sivak et al.,
1989). In this study, beside variability, the deviation be-
tween the two continuous recordings (Fig. 7) and the shift-
ing of the calibration curve (Fig. 5C) indicate a change in
the refractive state of the eye. However, dynamic record-
ings of refractive state in air did not reveal any accommo-
dative abilities in response to a ﬁsh that was moved
between 0.3 and 2 m in front of the animal. The observed
change of refractive state in air does not seem to depend
on accommodation on a target, but might be due to inter-
nal factors, as e.g., the nervous state of the animal (Jamie-
son, 1970). Dynamic recordings with accommodation
targets nearer than the animals far point would be interest-
ing. Underwater, an increase in hyperopia was detected but
not quantiﬁed due to the diﬃculties in placing trial lenses in
front of the eye. The observed change indicates accommo-
dation, as it does not occur as a result of eye movements in
combination with an oﬀ-axis hyperopia, because eye move-
ments were smaller than 2 mm in the analyzed scene. Sur-
prisingly, no myopia was found underwater even with an
accommodation target 5 cm in front of the eye. This indi-
cates that accommodation on near targets underwater,
which requires enhancing the refractive power of the nor-
mally almost spherical lens (Jamieson & Fisher, 1972;
Walls, 1963) even further, may be limited in harbor seals.
More data on harbor seals accommodative abilities are
needed to clarify these aspects.
4.3. Amphibious vision in harbor seals
To predict visual acuity in air from the refractive mea-
surements and the corneal topography, pupil size has tobe taken into account. The pupil fulﬁlls three important
functions in vision of harbor seals: the pupil (1) helps to
prevent the bleaching of the photoreceptor pigments in
bright light (Wartzok & Ketten, 1999), (2) regulates the
amount of light falling into the eye due to the fact that
the pupil size is a function of surrounding light intensity
(Jamieson & Fisher, 1972; Lavigne, 1973; Levenson &
Schusterman, 1997), and (3) can be used to optimize visual
acuity, because the pupil is aligned with the moderately
ametropic vertical meridian (Jamieson & Fisher, 1972;
Walls, 1963) and pupil size is not strictly dependent on
the ambient light condition (Lavigne, 1973, personal
observation).
In air, under bright light conditions, the pupil forms a
pinhole, which optimizes visual acuity, as it diminishes
the eﬀect of the highly ametropic meridian and of the astig-
matism and increases depth of ﬁeld. Although the pinhole
reduces the amount of light falling into the eye, good visual
acuity can be achieved by highly sensitive structures in the
ocular fundus (Jamieson & Fisher, 1971; Walls, 1963).
With decreasing light intensity, the pupil forms a vertical
slit under a broad range of surrounding light intensities
(Lavigne, 1973, personal observation). Aligned with the
moderately ametropic vertical meridian, the slit-shaped pu-
pil, like the pinhole, can minimize the negative optical ef-
fects. Under these conditions, the animals display
emmetropia or moderate ametropia, as indicated by the
analysis of pictures of small pupils, received with IR-pho-
toretinoscopy. The pupil dilates fully only when it is almost
completely dark. When completely dilated, the pupil covers
corneal parts of diﬀerent curvature, resulting in a high de-
gree of myopia. Visual acuity will probably be impaired, as
the emmetropic or slightly ametropic image, generated by
the central part of the dioptric apparatus, is overlapped
by an unsharp image, generated by peripheral parts.
The visual system seems to be mainly adapted for under-
water vision, as refractive measurements revealed emme-
tropia and a ﬁrst indication for accommodative abilities
in water. The occurrence of concentric rings in the pupil re-
ﬂex underwater indicates a multifocal lens (Kro¨ger et al.,
1999). The evolution of multifocal lenses has been ex-
plained with their function as a compensatory tool against
chromatic aberrations (Kro¨ger et al., 1999), but harbor
seals do not seem to be capable of color discrimination
(Griebel & Peichl, 2003; Peichl, Behrmann, & Kro¨ger,
2001; Peichl & Moutairou, 1998). It is conceivable that a
multifocal lens improves the focus over a range of viewing
distances in monochromatic animals, and therefore reduces
the need for a broad accommodative range.
The large eyes of harbor seals apparently evolved to
maximize sensitivity for vision under low light intensities
(Land & Nilsson, 2002), as the foraging situation of harbor
seals is often accompanied by low light intensities, caused
by darkness at night or a high degree of turbidity. But
the eye possibly also plays an important role in detection
of brightness or changing brightness as well as contrasts
and detection of movements. The importance of vision in
Fig. A.1. Geometrical construction to determine the radius of curvature of the corneal surface with the Placidos disc. A ray of light originates from point
L on the Placidos disc, is reﬂected in C on the cornea and reaches the ﬁrst principal point of the camera objective, H. C 0 is the point of the cornea where
the rays from the center of the Placidos disc are reﬂected. The distance CC 0 = R 0 is measured. To do so, the diameter of the reﬂection of the Placidos ring
is measured using a scale in the picture, and the average of three measurements is divided by two. R, radius of the ring on the Placidos disc (measured); R 0,
radius of the reﬂection from the cornea (measured); b, distance between the plane of the Placidos disc and the cornea (measured); c, distance from the
plane of the Placidos disc to the ﬁrst principal point of the camera objective (21 mm); z, distance from C 0 to the plane of the reﬂections (neglected); G,
center of the Placidos disc;M, intersection of the straight line form C parallel to b with the Placidos disc; r, radius of curvature, calculated as described in
Appendix A.
846 F.D. Hanke et al. / Vision Research 46 (2006) 837–847general and sharp vision in particular is not known for har-
bor seals. As complex behavior is not solely based on the
information of a single sensory system, but instead, the
environment is multimodally represented by integration
of information of diﬀerent sensory systems, a permanent
or temporal loss of one modality, e.g., vision, can be com-
pensated by other modalities.
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The following relations derived from Fig. A.1 were used
to calculate the radius of curvature of the cornea. For the
designators in Fig. A.1, see ﬁgure legend.
From the triangle HTC follows
/ ¼ 180  b f
with
f ¼ cþ 90
follows
/ ¼ 90  c b;
e ¼ 180  2/ b ¼ bþ 2c;
h ¼ 90  e ¼ 90  b 2c.Thus,
c ¼ 0:5  ð90  h bÞ ðA:1Þ
h and b are calculated from the measured b, R and R 0 as
h ¼ arctanðbþ zÞ=ðR R0Þ;
b ¼ arctanðR0=ðcþ bþ zÞÞ;
where c is the distance from the plane of the Placidos disc
to the ﬁrst principal point of the camera objective (21 mm),
b is the distance from the plane of the Placidos disc to the
nearest point of the cornea, z is the distance from this point
of the cornea to the plane of the reﬂections.
The approximation b + z  b is used.
With h and b, c is calculated from Eq. (A.1), and the
radius of curvature is
r ¼ R0= sinðcÞ.References
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